We provide complete one-loop predictions for the direct production of the neutralino pairs via photon-photon collisions which appears for the first time at one-loop level in the minimal supersymmetric standard model at the International Linear Collider. We present a comprehensive investigation of the dependence of total cross section on the center-of-mass energy and the tanβ for three different scenarios based on gaugino/Higgsino fractions of the neutralinos. Furthermore, by investigating the behavior with the most relevant parameters µ and M2, we exhibit regions of the parameter space where the enhancement of the cross section is large enough to be detectable at linear colliders. Our analysis shows that the corresponding production cross section reaches its highest values when the lightest neutralino χ 0 1 has a dominant Higgsino component and/or the next-to-lightest neutralino χ 0 2 has a dominant gaugino component.
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I. INTRODUCTION
Supersymmetry (SUSY) (see, e.g., Refs. [1] [2] [3] ) is a strongly motivated candidate for physics beyond the standard model (SM). It protects the Higgs vacuum expectation value without unnatural fine-tuning of the theory parameters, allows unification of gauge couplings at a high-energy scale, and offers a candidate for dark matter (DM) postulated to explain astrophysical observations [4] . The minimal supersymmetric standard model (MSSM), one of the most widely studied and wellmotivated SUSY frameworks, keeps the number of new fields and couplings to a minimum. In contrast to the single Higgs doublet of the SM, the MSSM contains two Higgs doublets, which in the CP conserving case leads to a physical spectrum consisting of the light/heavy CPeven Higgs bosons h 0 /H 0 , a CP -odd Higgs boson A 0 , and a couple of charged Higgs bosons H ± . The experimentally observed Higgs with mass of about 125 GeV [5, 6] can naturally be interpreted as the light or heavy CPeven MSSM Higgs boson [7] [8] [9] . The MSSM also predicts many new particles such as sleptons, squarks, four neutralinos χ 0 i , and two charginos χ ± j * . In supersymmetric models with R-parity [10] conservation, the lightest neutralino χ 0 1 is commonly assumed to be a weakly interacting massive particle, which is consistent with the observations of a DM candidate (for a review, see, e.g., Refs. [11, 12] ) in the form of the lightest supersymmetric particle (LSP). It also emerges as the final particle of the decay chain of each the supersymmetric particles (or sparticles, for short) and escapes from the detector without interacting. If the lightest neutralino χ 0 1 is indeed the LSP, supersymmetric dark matter is suggested to be detected directly in present or forthcoming experiments [13] . Accordingly, a detailed investigation of the lightest neutralino is essential for providing information regarding the phenomenological and theoretical aspects of SUSY.
One of the most important goals of many colliders, particularly the LHC, is to discover sparticles (or any other sign of physics beyond the SM). Although SUSY retains strong theoretical arguments in its favor, no evidence of sparticles has yet been found from many searches for SUSY carried out at the LHC. These experimental searches which mainly focus on the production of the strongly interacting sparticles (such as squarks and gluinos) have pushed up the mass limits of these particles into the TeV region, depending on details of the assumed parameters [14] [15] [16] [17] . Unlike the colored sparticles, the bounds on masses of sleptons, charginos, and neutralinos are relatively weak, particularly for the region of the compressed spectrum. On the other hand, naturalness suggests that neutralinos, charginos, and third-generation sparticles must be sufficiently light (a few hundreds of GeV) to produced at the TeV scale [18] . The bound on the mass of the neutralino χ 46 GeV at 95% CL, derived from the lower bound on the chargino mass in the MSSM with gaugino mass unification at the large electron positron collider (LEP) [19] . In the constrained MSSM including both sfermion and gaugino mass unification, however, the bound reaches to well above 100 GeV from the powerful constraints set by the recent LHC data [20] . A hunt related to the discovery (or exclusion) of any sparticles is still ongoing at the LHC.
In anticipation of much heavier colored sparticles, therefore, we are led to consider a more challenging search strategy, namely, the SUSY signals only from the electroweak sector, the neutralinos and charginos. In scenarios where masses of colored sparticles are larger than a few TeV, the direct production of neutralinos and charginos can be the dominant process of SUSY at the LHC. However, this production mode at the LHC suffers from both relatively small rates and large SM backgrounds [21] [22] [23] . This motivates the complementary experiments at future linear colliders with low backgrounds and easy signal reconstruction. Particularly, a linear collider would be best suited for producing the lighter sparticles. Linear-collider experiments could focus on one type of sparticle at a time, measuring their properties precisely enough to detect the symmetry of SUSY and to reveal the supersymmetric nature of DM.
Recently, there has been a proceeding effort for the International Linear Collider (ILC) designed to give facilities for electron-positron, electron-electron, and photonelectron collisions. The main goal at the ILC is to be a good complementarity of the LHC results and also open new windows in the phenomenological part of the physics beyond SM such as SUSY, little Higgs models, and extra gauge bosons. The ILC compared to the LHC has a cleaner background, and it is possible to extract the new physics signals from the background more easily. The ILC is the most advanced design as a future lepton collider laid out for the center-of-mass energy range of √ s = 90-1000 GeV [24] [25] [26] . The Compact Linear Collider (CLIC) is also another project which aims to work on a concept for a machine to collide electrons and positrons head on at energies up to several TeV. In case a drive beam accelerator technology could be applied, the CLIC is expected to be accessible at an energy frontier of around 3000 GeV [26, 27] .
The production of neutralinos/charginos begins to come into question as a "discovery channel" of SUSY. Particularly, the production of the neutralinos χ at the ILC can yield significant information about the SUSY-breaking mechanism and the nature of the dark matter. The ILC can separate the chargino and neutralino contributions in many cases, providing mass and cross section measurements at the O(1)% level [28] . Particularly, precise predictions for the pair production of neutralinos are significant to derive mass exclusion limits and, should SUSY be realized in nature, to accurately measure the masses and properties of the neutralinos and other sparticles. Motivated by the above considerations, we investigate the center-of-mass energy and the most relevant model parameters dependencies of the neutralino pair production via the process γγ → χ We also analyze the impact of the individual contributions coming from different types of diagrams on the size of the cross section. There have been few papers dedicated to the investigations of this process in the literature as follows. The neutralino pair production via photonphoton fusion in the framework of minimal Super Gravity (mSUGRA) with some typical parameter sets has been previously investigated in the Ref. [29] as a function of neutralino mass and tanβ, and the contribution to the cross section is said to be predominantly from s-channel diagrams in the resonant effect energy region. Considering the helicity nature of the cross sections, a detailed analysis of the process γγ → χ 0 i χ 0 j at a γγ linear collider has been carried out in Ref. [30] for several benchmark points in the mSUGRA and the gauge mediated supersymmetry breaking (GMSB) models, and this process is emphasized to be very sensitive to the actual values of the various MSSM parameters and details of the neutralino mixings in particular. The production rates of neutralino pairs via photon-photon collisions at the oneloop level including all possible Feynman diagrams in a future photon collider, especially the angular dependence of the cross section, have been calculated in the Ref. [31] for four different SUSY benchmark points presented in light of LHC8, and it has been concluded that the contribution to the cross section is mainly from the box-type diagrams. We note that our results are consistent with those obtained in Refs. [30, 31] .
Unlike the above-mentioned works, within the present work, the most outstanding feature of our approach is the mechanism in selecting the input parameters. The relevant Lagrangian parameters are recovered as direct analytical expressions of appropriate physical masses without any restrictions on them in the MSSM. As a matter of fact, we mainly carry out the algebraically nontrivial inversion in order to obtain Higgsino and gaugino mass parameters. More explicitly, we can say that using tanβ and masses of charginos as input parameters, then we get the other ones being Higgsino/gaugino mass parameters, neutralino masses, and mixing matrix.
The rest of the present work is organized as follows. In Sec. II, we present the corresponding Feynman diagrams and briefly review the standard formulas related to the calculation of cross section for neutralino pair production via photon-photon collisions in the linear colliders. We then provide information on how we have carried out the numerical evaluation. In Sec. III, we present some definitions corresponding to our method and input parameters. In Sec. IV, we give numerical results and discuss the corresponding SUSY parameter dependences of the cross section for each scenario in detail. Finally, Sec. V is devoted to conclusions and the highlights of the study.
II. CALCULATION OF CROSS SECTION FOR THE NEUTRALINO PAIR PRODUCTION IN PHOTON-PHOTON FUSION
For producing the lighter supersymmetric particles such as neutralinos and charginos, a linear collider would be best suited. The production of a pair of neutralinos in the linear colliders can occur via either electron-positron annihilation or photon-photon collision. In finding the existence of neutralinos, however, photon-photon collision at a linear collider has an advantage over the situation of a linear collider operating in the electron-positron collision mode, where the resonance effects of the intermediate neutral Higgs bosons could be observed only at some specific center-of-mass energies of the collider and the production rate of neutralino pairs would be mostly reduced by the possible s-channel suppression. We consider the process of the neutralino pair production via photon-photon collision at one-loop level, which is denoted by
where, as usual, after each particle we have put the notations for its 4-momenta in parentheses. There is no tree-level amplitude for this subprocess, and it arises for the first time at one-loop level. With the help of the FeynArts (version 3.9) [32] , we generate a complete set of Feynman diagrams contributing to the subprocess at the one-loop level in the MSSM. These diagrams are displayed in Figs. 1 to 3. We note that there is also another set of diagrams not explicitly shown in the figures where
Triangle-type diagrams contributing to the process γγ → χ Any one-loop amplitude could be given as a linear sum of triangle, box, bubble, and tadpole one-loop integrals. In light of this, the one-loop Feynman diagrams contributing to the subprocess (2.1) can be divided into three kinds of groups in terms of the one-loop correction type. These are the box-type, triangle-type, and quartic coupling-type diagrams. We have drawn all possible box diagrams, which include the loops of quarks, leptons, squarks and sleptons of three generations, charginos χ ± 1,2 , W -boson, charged Higgs boson, and charged Goldstone boson as displayed in Fig. 1 . These diagrams have t-and u-channel contributions. In Fig. 2 , we show all possible quartic interaction diagrams which consist of bubbles (q 1−6 ) connected to the final state through an intermediate Z, or neutral Higgs or Goldstone boson, and triangle loop (q 7 , q 8 ) of the W -boson, charged Higgs, Goldstone boson, charginos χ ± 1,2 , sfermions, and fermions directly connected to the final state. In Fig. 3 , we plot all triangle diagrams which include triangle vertices (t 1−6 ) connected to the final state through an intermediate Z, or neutral Higgs or Goldstone boson. Feynman diagrams q 1−6 in Fig. 2 and t 1−6 in Fig. 3 are referred to as schannel diagrams. It is obvious that the resonant effects can be observed only in the bubbles-type (q 1−6 ) and triangle diagrams (t 1−6 ) at some specific center-of-mass energy due to the intermediated neutral Higgs bosons. It should be emphasized that the couplings of the neutralino to particles appearing in diagrams are directly proportional to the elements of the neutralino mixing matrix N ij (i, j = 1, ..., 4). This matrix also controls the gaugino/Higgsino fractions of the neutralinos. Therefore, the amplitude of the contribution coming from the different channel diagrams can be dominated by purely gaugino or purely Higgsino or mixed gaugino-Higgsino production.
Since the process γγ → χ 0 i χ 0 j in the lowest order has only one-loop contributions, the relevant amplitude could be simply calculated by summing all unrenormalized reducible and irreducible contributions at one-loop level. As a result, we can get the result to be finite and gauge invariant. In calculations, therefore, it is not necessary to take into account the renormalization for ultraviolet divergence which should be canceled automatically. The corresponding Lorentz-invariant matrix element † can be given as a sum over contributions coming from box-type, quartic-type, and triangle-type diagrams in the form
where there appear a relative sign (−1) δij between the amplitudes of one diagram and its counterpart occurring by interchanging the final states due to Fermi statistics. Using the total matrix element (2.2), the total partonic cross section for the subprocess in unpolarized photonphoton collisions can be calculated bŷ
3) where the upper and lower bounds of the integral are defined ast
δij in the above equation is due to the identical neutralinos in the final state. The bar over the sum refers to the average over initial spins. † We do not present an explicit expression for matrix element since it is too lengthy to include here.
The photon-photon collision can be realized at the facility of the International e + e − Linear Collider. Then, the neutralino pair via photon-photon collision is produced as a subprocess of electron-positron collisions at the ILC. Having computed the partonic cross section with Eq. (2.3), the total cross section of the neutralino pair production via photon-photon collisions in electronpositron colliders could be readily obtained by using the formula
with the photon luminosity
where √ŝ and √ s are the center-of-mass energies of γγ and e + e − collisions, respectively, and F γ/e (x) is the photon structure function of electron beam, depending on fraction x of the longitudinal momentum of the electron beam [33] . The quality of the photon spectra is better for higher x. Nevertheless, the high-energy photons for x > 2(1 + √ 2) ≈ 4.8 can vanish via the production of an electron-positron pair in its collision with a following laser photon. That is why the maximum fraction of the photon energy is chosen as x max = 0.83. One of the best methods of producing intense photon beams is the use of inverse Compton scattering of laser light by the electron beam of a linear accelerator. For the photon structure function, we take the energy spectrum of the initial-state photons provided as Compton backscattered photons off the electron beams [33] .
We take into account all the possible one-loop-level diagrams, which are generated by using FeynArts (version 3.9) [32] ; therefore, our calculations result in a finite result without the need of the renormalization procedure as mentioned above. We perform numerical calculations in the 't Hooft-Feynman gauge where the photon polarization sum is given by λ ǫ * µ (k, λ)ǫ ν (k, λ) = −g µν . We carry out the numerical evaluation using the Mathematica packages FeynArts to obtain the relevant amplitudes in (2.2), FormCalc (version 9.2) [34] to supply both the analytical results and a complete Fortran code for numerical evaluation of the squared matrix elements, and LoopTools (version 2.13) [35] to make the evaluation of the necessary one-loop scalar and tensor integrals. In addition, properties of Higgs bosons in the MSSM are computed with the help of the FeynHiggs (version 2.11.3) [36] . In the numerical treatment, we use the Compton backscattered photons interfaced via the CompAZ code [37] for the photon structure function.
III. PARAMETER SETTINGS
In this section, we briefly give some details regarding our method and input parameters. During our numerical evaluations, we have considered the assumptions and approaches in our previous works [23, 38, 39] for the gaugino/Higgsino sector. The soft SUSY-breaking gaugino mass parameters M 1 related to the U (1), M 2 related to the SU (2), and the Higgsino mass parameter µ could be taken to be real and positive. Furthermore, the gaugino mass parameter M 1 is commonly fixed by way of the relation
The parameters M 2 and µ are analytically derived by taking the suitable difference and sum of the chargino masses as shown in Eqs. (A13) and (A14) in Ref. [39] . Consequently, there appear three different cases in the selection of the gaugino/Higgsino mass parameters M 2 and µ. These are the Higgsino-like, gauginolike, and mixture case, separately. To examine the phenomenological consequences in a most general approach, we consider the three possible scenarios. For more details on the definition of these scenarios, we refer to Ref. [39] . We set the chargino masses as
for both Higgsino-like and gauginolike scenarios and
for the mixture-case scenario. Then, for given any tan β, the values of parameters M 2 and µ in each scenario are calculated by using values given in Eqs. [20] , and ignore the masses of the light quarks.
We give a list of the Higgsino/gaugino mass parameters and the masses of the neutral/charged Higgs bosons and neutralinos, which have been obtained according to the above default parameters, for each scenario in Table I . Here, the masses of Higgs bosons have been calculated to two-loop accuracy by using the FeynHiggs. Note that one can always adjust the squark masses and the trilinear couplings in order to ensure a correct Higgs boson mass. The mass of the lightest Higgs boson is obtained to be consistent with the SM predictions.
It is well known that in terms of the elements of the mixing matrix N , neutralinos are constructed by the fol- 
It is obvious from Eq. (3.3) that the quantities 
IV. NUMERICAL RESULTS AND DISCUSSION
In this section, we discuss in detail the numerical predictions of the neutralino pair production via photonphoton fusion at the ILC, focusing on gaugino/Higgsino fractions of the neutralinos. For representative parameter points of each scenario given in Table I , we have carried ‡ Additionally, unlike the scenario considered in this study, there appear other hierarchies between Higgsino and gaugino mass parameters µ, M 1 , M 2 . For instance, M 1 < µ < M 2 ; if this hierarchy were considered, a situation in which the neutralino χ 0 1 is mostly gaugino and the neutralino χ 0 2 is mostly a Higgsino would be easily gotten. § . To examine how the contributions of different types of diagrams have effects on the total cross section, we have also computed the individual contributions stemming from each type of diagram as a function of the center-of-mass energy. Note that, during our calculations, we have numerically checked the cancellation of divergences appearing in the loop contributions, giving, as expected, a finite result without the need of the renormalization procedure. We use the following shorthand: HL is Higgsino-like, GL is gauginolike, and MC is mixture-case.
In Figs. 4 through 6, we show the dependence of the total cross sections and the individual contributions coming from different types of diagrams on the center-of-mass energy ranging from 200 to 1100 GeV for the neutralino pair production via photon-photon fusion in the parent e + e − collider. In these figures, the abbreviations "box", "bub","qua","tri" and "all" correspond to the contributions of box-type (diagrams b 1−12 in Fig. 1 ), bubble-type (diagrams q 1−6 in Fig. 2 ), quartic-type (diagrams q 7 and q 8 in Fig. 2 ), triangle-type (diagrams t 1−6 in Fig. 3 ) diagrams, and the sum of all the considered Feynman diagrams, respectively. Also, the "tri+bub" is referred to as the contribution arising from interference between triangle-type and bubble-type diagrams.
These plots reveal that the total cross sections are getting bigger very quickly in a small interval of center-of-mass energy at which the production is kinematically possible § We note that the final state χ 0 1 χ 0 1 is invisible in an R-parity invariant theory where the lightest neutralino χ 0 1 is the LSP. For completeness, we have also provided a calculation of the production χ 0 1 χ 0 1 . However, it could be investigated indirectly by γ tagging in the final state γ χ 0 1 χ 0 1 (see Ref. [40] ), which can be observed with a rather high accuracy at a linear collider. in the GL scenario. In particular, the total cross section of the production of χ 0 2 χ 0 2 reaches a value of 2.23 fb at √ s = 900 GeV and may be more observable than others at the ILC for the GL scenario. Furthermore, the cross sections are sorted in descending order according to our scenarios as σ(HL)> σ(MC)> σ(GL) for i = 1, j = 1; σ(MC)> σ(GL)> σ(HL) for i = 1, j = 2; and σ(GL)> σ(MC)> σ(HL) for i = 2, j = 2. We remark that the basic size of the total cross sections differ by few orders of magnitude, depending on the gaugino/Higgsino fractions of the produced neutralinos.
Let us now analyze the effects of individual contributions stemming from different types of diagrams, which are shown in the upper right (for the GL scenario) and the lower panels (for the MC and HL scenarios) of Figs. 4-6. Note that for √ s > 1050 GeV some data points of individual contributions are not marked in these figures because these are becoming very large due to the resonance effects. We clearly see that the dominant individual con- tribution can change according to the scenarios. This means that it depends on gaugino/Higgsino fractions of the neutralinos. The contributions coming from the boxtype diagrams for the HL scenario and both bubble-and triangle-type diagrams (i.e., the s-channel diagrams) for the GL and MC scenarios have a greater effect on the production cross section of χ However, it should be emphasized that the contributions of triangle-type and bubble-type diagrams are nearly equal to each other, and the interference between them (tri+bub) always gives a much smaller contribution than each of them (by 1-2 orders of magnitude) for all cases since they almost cancel the contributions of each other. As a matter of fact, they make a destructive interference. Furthermore, the contribution of box-type diagrams is greater than that of this interference. Although the quartic-type diagrams make a positive contribution to the cross section, the sum of triangle-, bubble-, and quartic-type diagrams (tri+bub+qua) has still a low contribution compared to the box-type diagrams. Taking into account all of these, it is worth noting that the box-type diagrams make the main contribution to the total cross section for each scenario. Namely, the box-type diagrams have a significant impact on production rates.
With a view to make easy precise comparisons with the experimental results, we list a numerical survey over our scenarios for ILC center-of-mass energies of 600 and 1000 GeV in Table III . It can be easily seen from the above analysis and this table that the total cross section of the process e + e − → γγ → χ 0 2 χ 0 2 in the GL scenario is larger than others. Therefore, this process can be said to be the most dominant in the production of neutralino pairs via photon-photon fusion.
We should also note that, since the masses of the charged Higgs bosons and sfermion are fixed at the TeV scale, the contribution of box-type diagrams b 1 , b 3 , b 5 , b 7 , b 9 , and b 11 in Fig. 1 with a W boson in the loop ends up dominating over all the other ones. About 80% of the sum contribution of box-type diagrams comes from these diagrams. Thus, it is also possible to interpret the contri- at the collision energies of electron-positron √ s being 600 and 1000 GeV for all three scenarios. Here, three dots indicate that production of a neutralino pair is not kinematically accessible for a given energy. is mostly a bino (due to the grand unified theory relation between M 1 ≃ 0.5M 2 ) which does not enter in such a coupling (where, indeed, the bino component N i1 does not appear). Furthermore, the cross section of the process e + e − → γγ → χ 0 2 χ 0 2 is mostly dominated in the GL scenario (see Fig. 6 ) since the next-tolightest neutralino χ 0 2 in this scenario is mostly a wino (the wino component N i2 ), which enters in such a coupling.
We exhibit the dependence of the total cross section on the tanβ varied in the range from 2 to 60 at √ s = 800 GeV for each scenario in Figs. 7(a)-7(c) . These figures demonstrate the same dominant scenarios as the ones in the center-of-mass energy dependence of the cross section. The total cross section decreases with increments of tanβ in most cases. However, for large values of tanβ, it is not very sensitive with respect to the variation of tanβ. That is because the neutralinos masses and mixing matrix are nearly independent of the tanβ, and the dependence of cross section on tanβ is mostly due to the masses of Higgs bosons and Yukawa couplings being a function of tanβ. [shown in Fig. 7(b) ] in the MC scenario is around 8 times, and 2 orders of magnitude larger than ones in the GL and HL scenarios, respectively. Finally, the cross section of the process e + e − → γγ → χ It is well known that the neutralino/chargino masses, the relevant mixing matrices, and the couplings of the neutralino/chargino to other particles depend on the gaugino mass parameter M 2 and Higgsino mass parameter µ. Hence, the dependence of the cross section on these parameters can yield interesting information about the neutralinos/charginos. More importantly, by investigating the behavior with the these parameters, one can search for regions of the parameter space where the enhancement of cross section is large enough to be detectable at the ILC. In this context, we investigate the effect of these parameters on the integrated cross section of the neutralino pair production via photon-photon collisions (γγ → χ M2 tan 2 θW . The colored bins indicate the basic size of the total cross sections (in fb) in the scan region, and the white areas represent parameter regions where production of a given pair of neutralinos is not kinematically accessible.
3 representing the Higgsino-like region, the quantity 0.7 ≤ |N i1 | 2 + |N i2 | 2 representing the gauginolike region, and the quantity 0.3 < |N i1 | 2 + |N i2 | 2 < 0.7 corresponding to the mixture-case region for i = 1, 2. In these figures, the white regions mean that the center-of-mass energy is not large enough to produce a given final state of the neutralino pair χ . These results are in agrement with dominant scenarios which appear in the center-of-mass energy and tan β dependencies of the cross section. As a consequence, it is clear that the cross section strongly depends on the parameters M 2 and µ.
Two alternative projects for linear e + e − collider are presently under consideration: the ILC and CLIC. The ILC is based on superconducting technology in the TeV range, while the CLIC is based on the novel approach of two-beam acceleration to extend linear colliders into the multi-TeV range. The choice will be based on the respective maturity of each technology and on the physics requests derived from the LHC physics results when available. The CLIC aims at multi-TeV collision energy with high luminosity about L e + e − ∼ 8 · 10 34 cm −2 s −1 [41] [42] [43] . Furthermore, a photon-photon collider is one option of the ILC in the center-of-mass energy √ s = 250 − 1000
GeV with an integrated luminosity of 100 fb −1 per year. This collider is expected to be upgradeable to 1 TeV with total integrated luminosity up to 300 fb −1 yearly. At the ILC, once the kinematical threshold is crossed for the neutralino/chargino pair production, the signals of neutralinos and charginos may be separated with O(1)% measurements for the couplings and the mass resolution [40, 44] . Our results indicate that the cross section reaches its largest values when the lightest neutralino has a dominant Higgsino component and/or the next-tolightest neutralino has a dominant gaugino component. Moreover, the sizes of the total cross sections are at a visible level of 10 −1 to 10 1 fb. A comparison of our results with the technical data of the ILC, hence, leads us to conclude that our proposed channels are likely observable at the ILC.
Note that the decay products of a Higgsino-like nextto-lightest neutralino are different from those of a gaugi-nolike one. In our scenarios, the lightest sleptons are even heavier than the neutralinos, thus leading to branching fractions of 100% for decay χ with a significant Higgsino content into third-family quark-squark pairs were opened, they would be greatly enhanced by the top-quark Yukawa coupling. Consequently, the detection of Higgsino-like or gauginolike next-to-lightest neutralinos requires different cuts implying different efficiencies and acceptances.
V. CONCLUSION
In this work, we have evaluated the total cross section of the neutralino pair production via photon-photon fusion, which arises for the first time at one-loop level, in electron-positron collisions at a linear collider. We have investigated numerically the effects of the the center-ofmass energy, the tanβ, and the M 2 -µ mass plane on the total cross section for three different scenarios, the HL, GL, and MC, in the framework of the MSSM. Furthermore, we have analyzed the contribution of triangle-type, bubble-type, box-type, and quartic-coupling diagrams to the total cross section.
Our numerical results affirm that the total cross sections remarkably increase due to resonance effects of diagrams involving the intermediate neutral Higgs boson H 0 or A 0 . When considered from this point of view, investigation of the neutralino pair production via photonphoton fusion is significant for the experimental and phenomenological works in connection with the neutral Higgs bosons at the linear colliders. The basic size of the total cross sections is seen to differ by several orders of magnitude depending on the gaugino/Higgsino fractions of the produced neutralinos. The total cross section is mostly dominated by the Higgsino-like scenario for the process e + e − → γγ → χ in the gauginolike scenario reaches a value of 2.23 fb at √ s = 900 GeV and may be more observable than others at the ILC. Analysis of the individual contributions of different types of diagrams to the total cross section shows that the box-type diagrams make the main contribution to the total cross section for all of the considered scenarios due to a destructive interference occurring between the triangle-and bubble-type diagrams. It should be noted that further enhancement of the cross section can be seen locally as a result of the threshold effects occurring because of relatively light intermediate states in box-type diagrams.
Furthermore, it is quite obvious that the total cross section is not very sensitive with respect to variation of the tanβ (particularly for intermediate to larger values of tanβ), but it is strongly dependent on the parameters M 2 and µ as expected. From the parameters M 2 and µ dependence of the cross section, we can conclude that pure Higgsino couplings dominate in the case of i = 1, j = 1, whereas pure gaugino couplings dominate in the case of i = 2, j = 2 for γγ → χ It should be underlined that a model-independent and precise measurement of the cross section for neutralino pair production via photon-photon fusion would be possible at a linear e + e − collider such as the ILC or the CLIC, and hence the results obtained in this work will be helpful in detecting SUSY signals, in determining the basic SUSY parameters, and in deriving more precise bounds on neutralino/chargino masses and the corresponding couplings.
